A convenient method for the synthesis of 3-methylthioindoles has been established which does not use smelly compounds such as thiol derivatives. The method, which introduces an alkyl-or arylthio-group into the C 3 -position of the indole skeleton, was extended to the direct introduction of a methylthio or bromo group at the C 2 -position using 3-methylthioindoles. No dimerization occurred, and the reaction mechanism was confirmed. The products have the partial structure of potent anti-methicillin-resistant Staphylococcus aureus (anti-MRSA) bromomethylthioindoles (MC 5-8) isolated from marine algae. Furthermore, this reaction could be applied to the synthesis of 3,3-diindolyl thioether which is a core structure of Echinosulfone A.
A Practical Regioselective Synthesis of Alkylthio-or Arylthioindoles without the Use of Smelly Compounds Such as Thiols
; advance publication released online December 6, 2012 A convenient method for the synthesis of 3-methylthioindoles has been established which does not use smelly compounds such as thiol derivatives. The method, which introduces an alkyl-or arylthio-group into the C 3 -position of the indole skeleton, was extended to the direct introduction of a methylthio or bromo group at the C 2 -position using 3-methylthioindoles. No dimerization occurred, and the reaction mechanism was confirmed. The products have the partial structure of potent anti-methicillin-resistant Staphylococcus aureus (anti-MRSA) bromomethylthioindoles (MC 5-8) isolated from marine algae. Furthermore, this reaction could be applied to the synthesis of 3,3-diindolyl thioether which is a core structure of Echinosulfone A.
Key words indole; electrophilic aromatic substitution; thioether; sulfoxide; trifluoroacetic anhydride Four bromomethylthioindoles, MC 5-7, 1, 2) were isolated from the red algae, Laurencia brongniartii. These compounds are the most potent antibacterial substances against methicillin-resistant Staphylococcus aureus (MRSA) to be isolated from red algae to date. The antimicrobial activities of these compounds for MRSA are similar to that of vancomycin. Their characteristic common structure is the methylthio group at the C 3 -position and another methylthio group or bromine atom at the C 2 -position of 3-methylthioindole. Because of their activity towards MRSA, MC 5-8 are promising lead compounds for a new category of antibiotics based on their novel structure.
These natural products are known compounds [3] [4] [5] [6] [7] and were first isolated by Sun.
3) The fundamental characterization of these compounds was described in "Marine Natural Products: Chemical and Biological Perspectives," by Erickson. 4) Furthermore, isolations of the same compounds were reported by Higa and colleagues, 5) Duh and colleagues, 6) and Uchio and colleagues. 7) However, the precise structural determination of these natural products has not been published. We started the synthetic studies of these compounds from the viewpoint of confirming their structures. We will describe here, a practical regioselective synthesis of alkylthio-or arylthioindoles without the use of smelly compounds such as thiols.
Many 3-alkylthio-and 3-arylthioindole derivatives are important biologically active substances (e.g., cyclooxygenase-2 (COX-2) inhibitors, 8) 5-lipoxygenase inhibitors, 9) anti-human immunodeficiency virus (HIV) compounds, 10) anti-nociceptive compounds, 11) anti-allergy drugs, 12) anti-obesity compounds, 13) and endothelin antagonists. 14) Many methods have been reported [15] [16] [17] [18] [19] [20] [21] for the synthesis of 3-alkyl-(or aryl-) thioindole derivatives, and some studies have utilized alkylsulfenyl chloride [15] [16] [17] alkyldisulfide, 18) or N-alkylthiophthalimide 20, 21) as umpolung sulfonium cations. However, these reactions are directly substituted by the electron donating alkyl-or arylsulfanyl group. Like a Friedel-Crafts alkylation, there is the possibility of over-substitution 15) and rearrangement between the C 3 -and C 2 -position on indole ring. 22) For the synthetic structural elucidation of MC 5-8, we required reliable, controlled functionalization into the C 2 -and C 3 -positions of the indole skeleton. Furthermore, earlier approaches used reagents prepared from smelly compounds such as thiols, and thus are not conveniently prepared in laboratories and factories. We focused on using dimethyl sulfoxide (DMSO)-trifluoroacetic anhydride (TFAA) to introduce a strong electron withdrawing dimethylsulfonyl group, [23] [24] [25] [26] [27] to allow reliable electrophilic aromatic substitution into indoles that addresses the above problems. Furthermore, this reagent is a non-smelly MeS + synthon for methylthiolation and thus can replace smelly thiols or sulfides. In this paper, we describe an application of the reaction to a practical regioselective synthesis of various indolylthioethers without the use of smelly compounds such as thiols. In a pioneering study using DMSO, Tomita et al. 23) reported the introduction of a dialkylsulfonium group at the C 3 -position of indole using succinimido-dialkylsulfonium chloride prepared from dialkylsulfide and NCS in quantitative yield. Formed indole-3-dialkylsulfonium chloride was de-alkylated by heating at 150°C or by refluxing in xylene. Hartke et al. 24) reported the synthesis of indol-3-yldimethylsulfonium salt 4a from unprotected indole using DMSO and TFAA in 58% yield. However, the methyl group on the sulfonium salt 4a easily migrated to the N 1 -position following addition of K 2 CO 3 in CH 2 Cl 2 via intermolecular rearrangement from ylide 5 to give N-methyl-3-methylthioindole 6, as shown in Fig. 2 .
Balenkova and colleagues 26, 27) reported the introduction of a dimethylsulfonium group at the C 3 -position of indole using trifluoromethanesulfonylsulfonium triflate (Me dimethylsulfonium salt was de-methylated with Et 3 N or (NH 2 ) 2 CS in good to moderate yield (84-45%). However, this trifluoromethanesulfonylsulfonium triflate reagent is only applicable to N-methylated indole or stabilized indoles such as 2,2′-biindole and 2-phenylindole, and not applied to unprotected indole 1a. We believed that trapping the migrating methyl group by nucleophiles from the sulfonium salt prepared by DMSO-TFAA complex 24) (4a to 7a) could provide a practically valuable method for the introduction of alkylthio-or arylthio group at the C 3 -position of unprotected indoles, without the need to use smelly compounds. The sulfonium perchlorate 4a precipitated as a stable crystalline compound upon the addition of saturated aqueous LiClO 4 , allowing its easy isolation by filtration in purer form. In this experiment, we found that quantitatively precipitation of the perchlorates 4a required few hours. Filtration of the product after stirred for 3 h with excess of saturated aqueous LiClO 4 at 0°C gave perchlorate 4a in higher yield (90%) than reported by Hartke et al. 24) Isolated sulfonium salt 4a reacted with various secondary alkylamines as possible sources of nucleophiles for de-methylation. Compound 4a is easily de-methylated in excellent yield to the desired 3-methylthioindole 7a by refluxing with secondary alkylamines (Table 1) . a) The yields were reported by Hartke.
24)
Since the overall yield of 7a from 1a was around 90%, we believed this might be a good general method for the introduction of a methylthio group at the C 3 -position of indole without requiring the use of a smelly thiol compound. We selected dipropylamine (bp 107°C) as a standard nucleophile because triethylamine was lack of reproducibility, and used it in the synthesis of various 3-alkylthioindoles, as shown in Table 2 .
The characteristic features of this reaction are as follows. The dimethylsulfonium group is a strong electron-withdrawing group, and electrophilic aromatic substitution is inevitably stopped at mono-substitution (as in a Friedel-Crafts acylation). The electron-donating group-substituted indoles (2-SMe, 5-MeO, 5-Me), which are usually unstable to acidic conditions, gave good results in this reaction, likely due to stabilization of the indole ring in the intermediates 4 by the electron-withdrawing dimethylsulfonium group. Furthermore, the dimethylsulfonium trifuluoroacetate (3, R Table 2 , using various dialkyl-or arylalkylsulfoxides.
Furthermore, the sulfonium reagent 3o was obtained from 3-methylthioindole 7a via sulfoxide 2o by oxidation with Oxone ® according to reference 28) in 73% yield. Consequently, bis-indol-3-ylthioether 7o was synthesized by applying this reaction to the indole 1a, as shown in Chart 1. The results showed that this reaction could be expanded to a general synthetic method for unsymmetrical diarylthioether 7n and symmetrical bis-arylthioether 7o. Based on this result, now the total synthesis of anti-bacterial marine natural product echinosulfone A 29) is in progress. Consequently, we succeeded in application of the reaction to a practical regioselective synthesis of various indolylthioethers without the use of smelly compounds such as thiols. The experimental procedure is very simple; the sulfonium intermediates 4 were easily purified by filtration of the precipitates from the work-up mixture, or extracted from the water layer by nitromethane as stable perchlorates. Thus, a convenient and high-yield method for the synthesis of 3-methylthioindoles without the need to use smelly compounds has been established.
Next, we examined the introduction of the second methylthio group at the C 2 -position of the 3-methylthioindoles 7. 3-Methylthioindole 7a was treated with dimethylsulfonium trifuluoroacetate (3, R 2 =R 3 =Me), resulting in the production of both symmetrical 2,2-dimer 8 9) and unsymmetrical one 9 (Chart 2). In contrast to 7a, when 5-nitro-3-methylthioindol 7f was used as a stable electron with-drawing group substituted indole substrate, C 2 -selective introduction of the dimethylsulfonium group provided the desired C 2 -dimethylsulfonium compound 10f in 76% yield. The structure of 10f was confirmed by the NOE, as shown in Chart 2.
The 2-dimethysulfonium compound 10f was de-methylated to 5-nitro-2,3-bis(methylthio) indole 11f in the same manner as with the C 3 -dimethylsulfonium salt 4, in 77% yield. Therefore we introduced tosyl group into the N at the C 2 -position to give the desired C 2 -dimethylsulfonium compound 10k, but the yields were not satisfactory (23%). We examined in situ de-methylation of the intermediate 10k by adding aqueous NaHCO 3 to the reaction mixture, because the methyl group on the sulfonio group of N 1 -tosyl compound 10k could not rearrange to the protected N 1 -position. In this method, the de-methylated 3-methylthio compound 11k is obtained directly in 65% yield from 7k and the 1-tosyl group is de-protected to 7b in 84% yield.
Hamel 6) reported that 3-phenylthioindole 7n reacted with 1 mol eq. of benzenelsulfenyl chloride to form 2,3-bis-(phenylthio) indole 19. However, the second sulfenylation occurs not by direct introduction at the C 2 -position, but via an indolenium 3,3-bis-sulfide intermediate 18 followed by migration to the C 2 -position (Chart 3). This mechanism was confirmed by the isolation of the intermediate 18 and by subsequent rearrangement to 2,3-diphenylthioindole 19 from the intermediate. To confirm whether or not the introduction of the second thiomethylation at the C 2 -position of indole (7f or 7k) proceeded via Hamel's mechanism, we used a deuterated dimethylsulfonium reagent 12 prepared from DMSO-d 6 and TFAA. Comparison of the 1 H-NMR spectra of the deuterated product with the original compound 10f showed the absence of one singlet signal (3.42 ppm, 6H) and the presence of a new singlet signal (2.50 ppm, 3H). Hence, the structure of the deuterated compound was confirmed to be 13 and not 17. In conclusion, the introduction of a second dimethylsulfonium group does not occur by a methylthio group migration mechanism via C 3 -electrophilic substitution (route b), but rather occurs as a C 2 -direct electrophilic substitution activated by the C 3 -methylthio group (route a).
We next tried bromination of 7a, 7f, and 7k using Nbromosuccinimide (NBS) as a brominating reagent (Chart 4). From unprotected indole 7a, unstable dimeric mono-bromide (M + =402) was obtained. The use of pyridinium bromide per-bromide as the brominating agent in pyridine resulted in production of C 2 -nucleophilic-substituted 30) pyridinium compound 20. In contrast, bromination with NBS of the 5-nitro compound 7f and the 1-tosyl compound 7k resulted in C 2 -selective bromination to give the desired compounds 21f and 21k. We attempted the hydrolysis of the compound 21k to deprotection. However de-protected 2-bromo-3-methylthioindole 21a could not isolate by instability of the compound.
These results are similar to those obtained by the reaction of the 3-methylthioindoles 7 with the dimethylsulfonium salt 3. We succeeded in C 2 -selective electrophilic substitution of 5-nitroindole 7f and 1-tosyl-3-methylthioindole 7k, although 3-methylthioindole 7a resulted in dimerization. Our results show that the 1-tosyl group is a good protecting group for C 2 -selective electrophilic substitution of the 3-methylthioindoles. It is possible that the different reactivities of 3-methylthioindole 7a, the 5-nitro compound 7f, and the 1-tosyl compound 7k, derive from the reduced nucleophilicity of the indolic nitrogen of the compounds (7f, 7k) by the 5-nitro group or 1-tosyl group (Chart 5).
In contrast to the above result, C 3 -electrophilic substitutions were occurred from the compound 7a by ipso attack of electrophiles, followed by C 2 -nucleophilic addition of pyridine or 3-methylthioindole 7a to form the intermediate 23 or 25. Elimination of dimethylsulfide from intermediate 23 would form symmetrical dimer 8, whereas elimination of methylthio group from 23 would form asymmetrical dimer 9 (Chart 5).
We therefore developed the C 2 -selective electrophilic substitution of 3-methylthioindoles (7f, 7k). All the products (11f, 11k, 21f, 21k) should be good intermediates for the total synthesis of MC 5-8.
Conclusion
A described methodology for the C 3 -selective introduction of the dimethylsulfonio group followed by a de-methylation reaction is a reliable synthetic approach for 3-methylthioindoles and could be expanded to the alkylthiolation or arylthiolation of various indoles. Furthermore, these thiolation processes do not require the use of smelly compounds such as thiols, oriented to the green chemistry. In addition, we found that C 2 -selective substitutions of 5-nitro-3-methylthioindole 7f and 1-tosyl-3-methylthioindole 7k occurred upon the introduction of the dimethylsulfonio group and bromination, whereas 3-methylthioindole 7a caused dimerization. The reaction mechanism was confirmed as being a C 2 -direct electrophilic aromatic substitution. Thus, we have developed a methodology for the selective functionalization of the C 2 -and C 3 -positions and shown its applicability for the total synthesis of a natural product. The total synthesis of MC 5-8 is in progress, as are further applications of this reaction as a general synthesis method for various diarylthioethers, and the total synthesis of anti-bacterial 3,3-bisindolylthioether natural product echinosulfone A.
11)

Experimental
All melting points were determined on a micro melting point hot stage apparatus (Yanagimoto) and are uncorrected. IR spectra were recorded on a JASCO FT/IR-300 spectrophotometer. 1 H-NMR (400 MHz) and 13 C-NMR (100 MHz) spectra were recorded on a JEOL AL-400 spectrometers with tetramethylsilane as an internal reference or solvents (CHCl 3 , acetone, DMSO) peak. Mass spectra (MS) were measured on JEOL Automass System II, JMS D-300 and DX-303 (FAB) spectrometers with a direct inlet system. For column chromatography, Silica gel 60N (spherical, neutral, Cica) was used. For TLC, Silica gel 60F 254 (Merck) was used. The abbreviations used are as follows: s, singlet; d, doublet; dd, double doublet; t, triplet; q, quartet; m, multiplet; br, broad; BP, base peak.
The General Procedure 24) for (Indol-3-yl)dimethylsulfonium Perchlorate 4 To a stirred solution of indole 1 (1.0 mmol) and DMSO (1.05 mmol) in CH 2 Cl 2 (4 mL), TFAA (1.5 mmol) in CH 2 Cl 2 (1 mL) was added dropwise at −78°C (except for 4h, 4l: −30°C) under shaded argon atmosphere, the mixture was additionally stirred at rt for 0.5-3 h (except for 4j: 14 h). Aqueous sat. LiClO 4 (6 mL) was poured into the reaction mixture under ice cooling, then the mixture was stirred at rt for 1-3 h. The precipitate was collected by filtration, dried under reduced pressure to give the corresponding sulfonium perchlorate 4 as pure crystals. In the case of 4c, 4d, 4e, 4g, and 4o, the filtrate was extracted with nitromethane, the organic layer was dried over anhydrous Na 2 SO 4 , evaporated to dryness in vacuo to give 2nd crop of the compound 4. In the case of 4l and 4m, perchlorates were not precipitated, so the solution was extracted with CH 2 Cl 2 , the organic layer was separated, then added excess of Et 2 O under ice-cooling to precipitate the perchlorates 4.
The General Procedure for 3-Methylthioindoles 7 A mixture of the sulfonium salt 4 and n-dipropylamine (ca. tenfold excess in volume) was refluxed under shaded argon atmosphere with stirring for 1 h. After cooling, n-dipropylamine was evaporated to dryness in vacuo. The residue was purified by column chromatography (neutralized SiO 2 : hexane-AcOEt) to give the corresponding methylthioindole 7.
(Indol-3-yl) dimethylsulfonium Perchlorate 24) 4a According to the general procedure, from ( 32) 7d According to the general procedure, from 237.7 mg (0.815 mmol) of (5-methylindol-3-yl) dimethylsulfonium perchlorate 4d, 139.5 mg (96.6%) of 5-methyl-3-methylthioindole 7d was obtained as pale brown oil. 
5-Cyano-3-methylthioindole 7e
According to the general procedure, from 120.9 mg (0.400 mmol) of (5-cyanoindol-3-yl)-dimethylsulfonium perchlorate 4e, 63.6 mg (84.6%) of 5-cyano-3-methylthoindole 7e was obtained as colorless prisms. mp 106. 5 5-Fluoro-3-methylthioindole 16) 7g According to the general procedure, from 130.0 mg (0.440 mmol) of (5-fluoroindol-3-yl) dimethylsulfonium perchlorate 4g, 78.5 mg (98.5%) of 5-fluoro-3-methylthioindole 7g was obtained as colorless oil. (4-Bromoindol-3-yl) dimethylsulfonium Perchlorate 4i According to the general procedure, from 454.9 mg (2.32 mmol) of 4-bromoindole 1i, 772.7 mg (93.4%) of (4-bromoindol-3-yl)-dimethylsulfonium perchlorate 4i was obtained as colorless prisms. mp 130-135°C (dec.); 
4-Bromo-3-methylthioindole 7i
According to the general procedure, from 772.7 mg (2.17 mmol) of (4-bromoindol-3-yl) dimethylsulfonium perchlorate 4i, 488.4 mg (93.1%) of 4-bromo-3-methylthioindole 7i was obtained as pale brown prisms. mp 54.5-56°C (hexane-AcOEt); (2-Carboethoxyindol-3-yl) dimethylsulfonium Perchlorate 4j According to the general procedure, from 573.2 mg (3.03 mmol) of ethyl indole-2-carboxylate 1j, 964.8 mg (91.1%) of (2-carboethoxyindol-3-yl) dimethylsulfonium perchlorate 4j was obtained as colorless prisms. mp 211-219°C (dec. Ethyl 3-Methylthioindole-2-carboxylate 33) 7j According to the general procedure, from 536.5 mg (1.53 mmol) of (2-carboethoxyindol-3-yl) dimethylsulfonium perchlorate 4j, 295.5 mg (81.9%) of ethyl 3-methylthioindole-2-carboxylate 7j was obtained as colorless prisms. mp 116-118°C (hexane-AcOEt) (lit. 3-n-Butylthioindole 8) 7l According to the general procedure, from 301.0 mg (0.831 mmol) of (indol-3-yl)-di-n-butylsulfonium perchlorate 4l, 162.4 mg (93.7%) of 3-n-butylthioindole 7l was obtained as colorless oil. 3-(Phenylmethylthio) indole 7m According to the general procedure, from 300.4 mg (0.699 mmol) of (indol-3-yl) bis(phenylmethyl) sulfonium perchlorate 4m, 163.8 mg (98.0%) of 3-(phenylmethylthio) indole 7m was obtained as colorless prisms. mp 85-86°C (hexane); CH 2 Cl 2 (3 mL), TFAA (140 µL, 1.0 mmol) in CH 2 Cl 2 (1 mL) was added dropwise at −78°C under argon atmosphere, the mixture was additionally stirred at rt for 1 h. Aqueous sat. LiClO 4 (4 mL) was poured into the reaction mixture under ice cooling, then the mixture was stirred at rt for 2 h. The mixture was extracted with nitromethane, the organic layer was dried over Na 2 SO 4 , solvent was removed in vacuo. The residue was subjected to column chromatography (neutralized SiO 2 ) to separate Fr-A (hexane-AcOEt= 10 : 1) and Fr-B (CHCl 3 -MeOH= 7 : 1). The solvents were removed from Fr-A to give 33.3 mg (33.7%) of the symmetrical dimer 8 as colorless prisms. mp 220-230°C (hexane-AcOEt) (lit. .
3-Methylthio-1-tosylindole 7k
To a stirred suspension of NaH 46.7 mg (1.17 mmol) in DMF (1 mL), a solution of 3-methylthioindole 7a (88.2 mg (0.540 mmol) in DMF (2 mL) was added dropwise at 0°C under argon atmosphere, the mixture was additionally stirred at rt for 1 h. To the mixture, a solution of tosyl chloride 126.6 mg (0.664 mmol) in DMF (1 mL) was added dropwise at rt, then the mixture was heated at 80°C with stirring for 1.5 h. The reaction mixture was poured into ice-water, then extracted with AcOEt, the organic layer was washed with sat. NaHCO 3 aq. and 'brine,' dried over anhydrous Na 2 SO 4 , evaporated to dryness in vacuo. The residual solid was subjected to column-chromatography (hexane-AcOEt= 8 : 1) to separate Fr-A and Fr-B. The solvent was removed from Fr-A to give 112.9 mg (65.8%) of the 3-methylthio-1-tosylindole 7k as colorless prisms. Additionally, the solvent was removed from Fr-B to give 24.7 mg (28.0%) of the starting material 7a recovery. mp 108.5-109.5°C (hexane-AcOEt); 2,3-Bis(Methylthio)-1-tosylindole 11k To a stirred solution of 3-methylthio-1-tosylindole 7k (103.5 mg, 0.326 mmol) and DMSO (50 µL, 0.706 mmol) in CH 2 Cl 2 (2 mL), TFAA (140 µL, 1.0 mmol) in CH 2 Cl 2 (0.5 mL) was added dropwise at −78°C under argon atmosphere, the mixture was additionally stirred at rt for 1 h. The reaction mixture was re-cooled to −78°C, DMSO (50 µL, 0.706 mmol) in CH 2 Cl 2 (2 mL), then TFAA (140 µL, 1.0 mmol) in CH 2 Cl 2 (0.5 mL) was added dropwise, the mixture was additionally stirred at rt for 30 min. The reaction mixture was neutralized (pH= 9) with sat. NaHCO 3 aq, extracted with CH 2 Cl 2 , dried over anhydrous Na 2 SO 4 , evaporated to dryness in vacuo. 
